The goal of this research was to examine the characteristics of the spatial velocity and concentration profiles which might result in health care workers' exposure to a pathogenic agent in an airborne infection isolation room (AIIR). Computational fluid dynamics simulations were performed for this purpose. This investigation expanded on the work of Huang and Tsao [The influence of air motion on bacteria removal in negative pressure isolation rooms. HVAC & R Research 2005; 11: 563-85], who studied how ventilation conditions impact dispersion of pathogenic nuclei in an AIIR by investigating the airflow conditions impacting dispersion of infectious agents in the AIIR. The work included a careful quality assurance study of the computed airflow, and final simulations were performed on a fine tetrahedral mesh with approximately 1.3 Â 10 6 cells. The 1 mm diameter particles were released from a 0.001225 m 2 area representing the nose and mouth. Two cases were investigated during the current study: continuous exhalation of pathogen-laden air from the patient and expulsion of pathogenic particles by a single cough or sneeze. Slow decay of particle concentration in the AIIR during the single cough/sneeze simulation and tendency for particle accumulation near the AIIR walls observed in the continuous breathing simulation suggest that unintended exposures are possible despite the ventilation system. Based on these findings, it is recommended that extra care be taken to assure proper functionality of personal protective equipment used in an AIIR. r
Introduction
A number of administrative and engineering controls are commonly employed to protect health care workers and other hospital patients from exposure to highly infectious airborne pathogens [1, 2] . Airborne infection isolation rooms (AIIRs) are designed to protect facility occupants outside the room. A separate ventilation system is used for the AIIR to prevent mixing of potentially contaminated air with fresh intake air for the ventilation system serving the majority of the hospital. The AIIR infiltration and exhaust air supplies maintain negative pressure within the room to prevent the pathogens from entering other parts of the hospital and to minimize concentrations of the pathogen inside the AIIR.
Within the AIIR, administrative controls are typically used for worker protection. These include use of personal protective equipment (PPE) and thorough hand disinfection. Type N 95 respirators are routinely used to prevent health care workers' exposure to airborne nuclei of infectious bacterial or viral pathogens [3] . Potential for exposure exists when respirators do not fit the employees properly. Face seal leakage can occur under a variety of conditions, such as when fit testing is inadequate, the healthcare worker has gained or lost weight since the most recent fit test, or the healthcare worker is not cleanly shaven when visiting infectious disease patients [4] . Moreover, Yen et al. [1] maintain that, while important, the standard protocols for preventing infectious disease may not be sufficient. Ofner et al. [5] found that health care workers were infected with severe acute respiratory syndrome (SARS) when wearing PPE that was believed to be sufficient. Hence, administrative controls may not be adequate for health care workers entering AIIRs, even if the AIIR protects occupants of the remainder of the hospital.
Given the concern for lack of protection within an AIIR, it is important to develop an understanding of air and contaminant transport in the room. A comprehensive review of studies of airborne transmission of infectious agents has demonstrated conclusive evidence that air movement can contribute to transmission and subsequent outbreak of infectious disease [6] . Laboratory and computational research has shown that the well-mixed assumption is not necessarily valid immediately after an aerosol is released [7, 8] . Instead, non-dimensional aerosol residence time has been shown to be a function of turbulence intensity, which in turn is a function of positioning of the ventilation inlets and outlets and furnishings. In support of that point, transmission of exhaled air from one body to another and resulting airborne concentration have been shown for displacement ventilation and hospital rooms to depend on the position of the source, turbulence caused by movement of mannequins, and turbulence caused by the ventilated air interacting with surfaces and heat plumes in a room [9, 10] . Other computational studies have demonstrated a relationship between the aerosol residence time and convective transport [11] . Knowledge of the airflow patterns may thus elucidate concentration gradients. Graded distribution of the pathogen concentration with respect to the patient's breathing zone may facilitate creation of a spatial probability exposure distribution within the room. This, in turn, may guide determination of safe behavior practices within an AIIR.
Given the sensitivity of taking and handling biological aerosol samples in an AIIR, computational fluid dynamics (CFD) analysis techniques are especially appropriate for the problem of highly infectious pathogen particulate transport. CFD can provide a highly resolved estimate of air and species transport within the region of interest in lieu of obtaining field samples, because AIIRs may be difficult to access and samples may be dangerous to obtain and analyze. CFD has been employed to compare ventilation designs in hospital rooms [10] and AIIRs [12] [13] [14] , study the dispersion of tuberculosis nuclei [15] , and assess the effect of human movement on pathogen dispersion in an AIIR [16] .
The goal of this analysis was to examine the characteristics of the spatial velocity and concentration profiles, which might lead the health care worker to be exposed to a pathogenic agent in an AIIR. The study expanded on the work of Huang and Tsao [12] which studies the removal of pathogenic nuclei emitted by one patient's breathing and forced expulsion (cough/sneeze) under a variety of ventilation conditions. In addition to the patient, the current study includes a health care worker for the purpose of examining that worker's potential for exposure to the infectious agent. The ventilation design shown in Huang and Tsao [12] to be most successful in removing the pathogenic particles is employed here, and both the healthcare worker and the patient are heated to represent actual conditions.
Simulation methods
Indoor air motion is governed by the Navier-Stokes equations for conservation of momentum and by conservation of mass and have been solved using a variety of approximation and closure methods over the past 40 years. They are not provided here because they appear in numerous references [17] [18] [19] . For this study, CFD simulations were performed using the Fluent v.6.1.22 software (Fluent, Inc., Lebanon, NH), with mesh generation from the Gambit v.2.3.16 pre-processor. The Fluent software is designed to approximate the Navier-Stokes equations by a selected approximation model and then solve the set of equations for the designated boundary conditions using a finite volume method. A transient simulation was performed for studying the time evolution of nuclei transport. For these simulations, the realizable k$e method was employed because it has been proven to model separating flows with better accuracy than the standard k$e method but is not as time-consuming to run as a large eddy simulation [19] .
The room geometry, modeled after the geometry used in Huang and Tsao [12] , is shown in Fig. 1 . The room is 5.5 m wide, 3.6 m deep, and 2.3 m high. The 2.2 m wide, 2.15 m deep, 2.3 m high bathroom within the AIIR was removed from the domain because it was assumed to be treated as a separate zone. The bed containing the patient was centered at x ¼ 4 m with the back of the bed against the bottom wall of the AIIR (when looking at Fig. 1 ). The bed/patient was 1 m wide, 1.9 m deep, and 0.7 m high. The patient's head was an ellipsoid with a 0.001225 m 2 strip across the front to represent the nose and mouth area. This area matched that simulated by Huang and Tsao [12] , although they used a cubic representation for the head. Last, the 1.62 m tall health care worker was centered at x ¼ 3.2 m, y ¼ 0.645 m. This height was selected based on the National Health and Nutrition Examination Survey 50th percentile female height for all ethnicities in the United States [3] . The body geometry of the health care worker approximated human geometry with an ellipsoidal head, rounded shoulders and torso, and straight legs. However, limbs were not modeled. The health care worker geometry is shown in Fig. 2 .
Boundary conditions used for the airflow simulation are shown in Table 1 . An air exchange rate of 8.66 air changes per hour (ACH) was employed to match the optimized ventilation conditions found by Huang and Tsao [12] . Three types of boundaries were used in the simulation. Boundary conditions for velocity inlets into the room were established for air movement under the door crack, the ventilation inlet, and the patient's mouth. As performed in Huang and Tsao [12] , a grille-style inlet was used to produce unidirectional airflow into the room. Following Huang and Tsao [12] , no bathroom zone was represented, so a negatively pressurized door crack to the bathroom was not included in this simulation. If a door were located behind the health care worker, classical ventilation work on slot exhaust velocities [20] and more recent CFD work on this [21] (assuming that a bathroom would be negatively pressurized) can be consulted to estimate the impact. It would be expected that a door crack of area 0.012 m 2 would exert air movement in the direction of the wall within approximately 0.3 m of the crack at the floor. Given that the primary area of interest in the simulation is the breathing zone area around the health care worker and above the patient, all of which are at least 0.5 m above the zone of interest, the impact of a door crack leading to the bathroom would be expected to be negligible. Wall boundary designations meant that no-slip and no-flow conditions were established for those geometric entities.
Thermal boundary conditions were also included to consider the effect of temperature gradients on air and contaminant motion. The AIIR walls, floor, and ceilings all had wall designations set to a temperature of 297.15 K except for the outer wall, which is set at 303.15 K. The bed, patient's body, health care worker's body, and health care worker's head were also designated as wall boundaries. The temperatures used in Huang and Tsao [12] were replicated for the ventilation units, patient head, and bed. For the health care worker, the body temperature was 307.75 K to reflect the insulation properties of clothing, and the head was set to 308.75 K for normal body temperature.
Simulations were performed on three successively finer tetrahedral meshes with 36 Â 36 Â 16, 72 Â 72 Â 32, and 144 Â 144 Â 64 elements. The grid convergence index was used to determine the error resulting from mesh size [22] :
where F s is a factor of safety, e is the relative L 2 error norm of the velocity magnitude, r is the mesh refinement ratio, and p is the order of the method. In this study, F s was designated to be 1.25 here because three meshes were examined, based on Roache's criteria, r was 2 because the ARTICLE IN PRESS mesh spacing was halved during each refinement, and p was 2 because a second-order solution method is employed [22] . Grid convergence testing at 88 locations within the vicinity of the patient (3.25pxp4.5, 0.325pyp0.55, and 0.9pzp1.35) yielded a relative GCI of 5.05 Â 10 À4 . Validation of the specific scenario modeled is not provided because no experimental velocity data exist for the case of the health care worker positioned alongside the patient. In fact, Huang and Tsao [12] did not actually validate their grid-independent simulation with their boundary conditions because they did not measure velocity in their experiments. To demonstrate the validity of the code while accounting for the lack of available velocity data for the AIIR, Huang and Tsao [12] simulated a different ventilated room where the air velocity was measured by Chung and Hsu [23] with comparable results. To instill the reader with confidence in the simulations presented here, a simple comparison is provided. Huang and Tsao [12] declared that, for all simulations, velocity was reduced to 0.09 m/s at 0.10 m from the patient's mouth. Fig. 3 shows velocity as a function of distance, d, from the mouth for this simulation. Near the mouth, velocity decreases logarithmically from the mouth as u ¼ À0.0333 ln(d)+0.0157. Velocity is estimated to be 0.092 m/s at a distance of 0.10 m from the mouth based on the modeled data. A comparison is also made for the concentration data. This is presented after the particle simulation description below.
Lagrangian particle tracking was employed to simulate movement of the pathogen nuclei under the influence of drag: where u p is the particle velocity, u is the fluid velocity, and t is particle relaxation time. Because the error in the particle simulation is limited by that of the fluid simulation, the time step size of 0.1 s was used for the particle simulations, as well. The patient was the only source of challenge aerosol representing the pathogenic nuclei, and the aerosol was released at evenly spaced locations over a 0.001225 m 2 opening on the patient's face representing the nose and mouth [12] . The patient lied on his/her back during the simulation to emit the particulate upward. Dry 1 mm particles were used to represent pathogen injected into the room with the saliva evaporated from the particle surface. For the exhalation simulation, 1248 particles were released at a speed of 0.2 m/s during each time step. The simulation was conducted over 90 s, at which time 337,381 particles remained in the domain (some had been removed at the ventilation outlet). For the expulsion simulation, 124,800 particles were released in a single pulse at time ¼ 0 at a speed of 35 m/s. The particle concentration was then allowed to decay in the room over the next 80 s.
To compute concentration, the room (excluding the hallway) was subdivided into 45,540 cubes with dimension 0.1 m Â 0.1 m Â 0.1 m. Particle number concentration in each cell i, C i , was computed as:
where V c is the volume of one cell (equal for all cells) and n i is the number of particles in the ith concentration cell. Number concentration was computed with an in-house FORTRAN95 code that received input from particle trajectory files generated during the FLUENT simulation. Note that this grid was not the same as the tetrahedral mesh used to implement the fluid simulations. This was done for two reasons. First, the irregular tetrahedral grid on which the velocity field was computed would complicate computation of cell volume. Second, cell size was chosen to prevent particles from moving further than one cell within a time step to maintain the Courant requirement LXU max Dt, where L ¼ the length of a concentration cube. In this work, 
As discussed above, true validation of the velocity and concentration fields could not be performed because Huang and Tsao's [12] experimental results were not sufficiently discrete to allow for such comparison. Two concentration plumes are presented here for comparison with Huang and Tsao's [12] computational results, which are presented only for the where the ventilation outlet was positioned around (2.5, 3, 2.3). Figs. 4a and 4b display the concentration plume resulting from breathing with the patient lying on its back for this simulation and Huang and Tsao [12] , respectively. Here, the shape of the plume is very similar for both simulations. This indicates that the aerosol is pulled towards the ceiling in a similar motion. However, the magnitude of the concentration is approximately an order of magnitude higher for this work. This is likely because the position of the outlet vent for Huang and Tsao [12] pulls the particle-laden air stream away from the wall. Figs. 4c and 4d show the concentration plume resulting from a cough when the patient is lying on his/her side. In this case, the upward motion of the air movement over the patient in this simulation causes the cough plume to rise over the body, whereas the increased motion in the direction of the bed causes more spreading of the plume to the side for Huang and Tsao's [12] simulation. The difference in concentration magnitude is due to the higher velocity of the expulsion for this simulation in comparison with Huang and Tsao's [12] , which was 2 m/s. Although these comparisons are not direct, some confidence can be gained given that the differences in the concentration profiles are reasonable given differences in the methodologies used.
Results

Continual breathing
Instantaneous images can be used to track the aerosol plume development. Figs. 5-7 display the plume of aerosol from the patient during breathing at 5, 30, and 90 s after the simulation begins. This series displays the aerosol's affinity to move towards the walls as it approached the ventilation outlet above the patient's head. The majority of aerosol moved directly over the head and into the ventilation outlet. However, some aerosol deviated from that direct trajectory and traveled to either side of the head before ultimately being pulled upwards towards the ventilation outlet. Given that those aerosols' trajectories were not aligned with the ventilation outlet, trapping and recirculation occurred, as seen in Fig. 7 .
In Fig. 8 , the plume vertical cross-section is shown at the plane at x ¼ 3.75 m, which lay between the patient and the health care worker. In this figure, the concentration field is split into two categories: wb0.1 and wo0.1. Examination reveals that the high concentration region, where w exceeds 1, was retained within 0.25 m of the wall behind the patient's bed. This portion of the plume was transported directly upward into the vent. This was driven by airflow moving directly upward by the ventilation system, as can be seen from the velocity field along the plane x ¼ 4 m that intersected the mid-section of the patient, shown in Fig. 9 . The x ¼ 4 m plane also bisected the ventilation inlet and outlet. From this diagram, it appears that air was effectively circulated from the inlet, along the patient from toe to head, then up to the outlet. Based on the velocity field, the ventilation system appeared to bring fresh air across the health care worker's breathing zone and restrict migration of the contaminant beyond the distance between the patient's breathing zone and the wall.
The airflow and aerosol dispersion patterns varied with distance from the plane x ¼ 4 m. Fugitive aerosol in lower concentrations extended beyond the vent along the ceiling, in the region z41.8 m and 0.25oyo1 m, as shown in Fig. 8 . When viewing Fig. 10 , which shows the velocity field along the plane x ¼ 3.3 m (directly in front of the health care worker's breathing zone), it can be seen that this zone corresponded to a region of recirculatory airflow. Moreover, one additional recirculatory region formed directly in front of the health care worker's face and midsection, and two others were produced to the right of the health care worker. Figs. 7 and 11 suggest that the aerosol ARTICLE IN PRESS that was drawn upwards along either side of the bed prior to passing through the region where fugitive aerosols are identified in Fig. 8 . Fig. 11 presents a plan view of aerosol dispersion in the AIIR. In this figure, concentration was integrated from the floor to the ceiling. Three features of the profile are evident. First, the majority of aerosol appears drawn near to the ventilation outlet. Second, the aerosol that deviated from the outlet region tended to move upward and towards the corners of the AIIR, traveling along the back wall of the AIIR before recirculating. Third, based on Figs. 7 and 11 together, the majority of the aerosol that recirculated was located at z41 m. That tendency of the aerosol to congregate near the wall regions was also observed experimentally by Huang and Tsao [12] for aerosol deposits during a one-hour ''breathing'' experiment. Results from ARTICLE IN PRESS that experiment are mapped in Fig. 12 for the reader's convenience. Although the aerosol deposition profile along the room shows that the aerosols were transported beyond the region near the bed, the majority of deposits were found near the rear and side walls surrounding the bed of the AIIR. The quantity of aerosol in the nurse's breathing zone was computed to determine how the concentration profile would impact exposure. There are few consistent definitions for breathing zone size and shape in the peer-reviewed literature. Marr et al. [24] characterized the velocity pattern within 4 in. of the face of a heated mannequin. ASHRAE Standard 62-2001 defines the breathing zone as the space of air between 0.7 and 1.8 m from the ground and at least 0.6 m from any side wall [25] . Most personal indoor air sampling studies place sampler inlets at the person's lapel and consider the breathing zone to be the hemisphere in front of the body centered at the mouth. A 0.3 m radius was assumed. With a shoulder-to-shoulder width of 0.57 m and the mouth positioned at (3.3, 0.45, and 1.55), the breathing zone was defined to be the zone in front of the face extending from (3.25, 0.45, and 1.35) through (3.55, 0.85, and 1.85). Within this zone, the concentration is fairly low: w ¼ 2.5 Â 10
À4 . This equates to 13 particles entering the health care worker's breathing zone. Fig. 13 shows the decay of residual aerosol following the 35 m/s cough/sneeze injection, where the residual is defined as
Pulse expulsion (cough/sneeze)
ARTICLE IN PRESS where w is summed over all cells i within the domain and w 0 indicates the normalized concentration at injection (time ¼ 0 s). Also shown in Fig. 13 is the decay of residual aerosol during the cough modeled by Huang and Tsao [12] with a velocity of 2 m/s. In both cases, f varied as an inverse function of time. For the 2 m/s cough, derivation of this relationship is straight-forward:
À1 . The 35 m/s expulsion modeled in this study shows that aerosol concentrations remain relatively constant over 15 s, at which time f follows an inverse trend:
À1 , tX15. In both cases, coincidentally, these curves fit the respective data with R 2 ¼ 0.94.
Discussion
A number of factors may have been responsible for aerosol dispersion observed in the AIIR model related to the source of aerosol (patient) and airflow characteristics of the room that are driven by ventilation and temperature ARTICLE IN PRESS gradients. It is likely that a combination of factors actually led to the presence of fugitive aerosols in the simulation and in the Huang and Tsao [12] experiments.
With respect to the source characteristics, by using an elliptical head shape with a ''mouth/nose'' fitted to the shape of the head in lieu of a rectangle with a rectangular planar opening, as used in Huang and Tsao [12] , the aerosols' initial trajectories varied in direction. Qian et al. [14] illustrated the importance of including a multidirectional source in their experimental work to investigate infectious disease transport in hospital rooms. This directional difference could then have caused the aerosol to exit the mouth as a plume whose spread was more a function of the initial directional differences than of diffusion. The use of a complex shape for the face to produce an initial multi-directional plume is consistent with a study of cough velocity and contaminant concentration in a room with stagnant air [26] . Aerosol on the edges of those plumes could then be swept into recirculating eddies moving along the wall behind the bed. A second reason for initial dispersion of the source plume as it exits the mouth is the presence of a small recirculating region of air just above the patient's head, as can be seen in Fig. 9 . Turbulent mixing in this location might also contribute to the lateral spread of aerosols exiting the patient's mouth. In Huang and Tsao [12] , this spreading of the source was not observed. However, the use of a square head in their simulation may have removed the multi-directionality of the source and dampened eddy formation directly above the head, the latter of which is observed in a plot of the velocity profile from the Huang and Tsao [12] simulations.
Complexities in the room air velocity profile make turbulence an important factor for the dispersion of the aerosol in the room beyond the source. The majority of aerosol was driven into the outlet vent by the predominant airflow seen in Fig. 9 that swept down along the patient's body and then pulled aerosol up and away from the room occupants. However, the location of fugitive particles shown in Fig. 8 corresponded to the location where a large eddy circulated near the ceiling. It is possible that the length of time for the aerosol to navigate this eddy was extended by the eddy's length because residence time of a pocket of air or particle is inversely proportional to eddy length scale [8, 27, 28] . This type of large-scale air motion likely delayed mixing and produced gradients of aerosol concentration across the room. Evidence of this was provided by the Huang and Tsao [12] aerosol deposition results. This is an important consideration because, if aerosol should become trapped in the recirculating eddy in front of the health care worker, the potential for exposure could increase appreciably.
An additional factor that may have impacted the particle trajectories less significantly is thermophoresis because the temperature of particles exiting the patient's mouth/nose was 14.5 1C higher than that of the walls behind the bed and next to the bathroom and 8.5 1C higher than the outer wall (at x ¼ 5.5 m). It has been shown that warm particles are attracted to cooler surfaces [29] . This affect is likely to help ventilate particles directly above the patient's head, but it also creates the potential for particles released at angles to the mouth/nose to move towards the bathroom and outside walls that surrounded the patient. Thus, thermophoresis may have contributed to the particle spread.
Differences between the residual fraction of aerosol in the 2 and 35 m/s pulse release simulations might also have been related to a number of factors mentioned in this discussion for the case of the breathing patient. For the 35 m/s case, only 1.3% of the particles were exhausted during the first 15 s. More significant reductions proceeded, but at a slower rate than for the 2 m/s exit velocity. Certainly, the difference in exit velocity from the patient should have produced differences in the residual aerosol profile, but it would be expected that the aerosol be exhausted more rapidly for the faster exit speed. The contrary occurred. Again, this may have been driven by multi-directionality of the plume, where the rapid aerosol velocity caused a larger initial dispersion plume. Many particles within that plume had overshot the exhaust vent and concurrently slowed to the speed of the room air. At this point, they encountered slower velocities pulling them towards the exhaust. If carried by air with a velocity of 0.06 m/s (or 10% of the ventilation inlet velocity), particles 1 m away from the exhaust would have required 15 s on average to reach the outlet. Likewise, temporary trapping of aerosols within large eddies could have also produced delays in ventilation.
Conclusion
This work illustrated the level of complexity of the airflow and aerosol dispersion patterns within an AIIR under conditions that may, by design, be deemed as favorable for prohibiting the spread of disease. This serves to underscore the importance of understanding mean and turbulent airflow patterns, source dynamics, and other physical properties of the room and air as causative factors in occupational exposure to airborne contaminants. Future work on this topic needs to focus on the characteristics of large eddies, fine turbulence, room geometry, and source characteristics on dispersion of infectious aerosols and potential exposure to these agents. This research produced limited evidence about the exposure of a health care worker to infectious aerosolized agents in an AIIR. This was largely due to limitations in computational resources that restricted the length of the breathing patient simulation. However, the experimental findings of Huang and Tsao [12] , coupled with the slow decay and tendency for particle accumulation near the AIIR walls observed in the simulations presented here, suggests that unintended exposures are possible despite the ventilation system. For this reason, proper functionality of PPE is of utmost importance for protecting health care workers treating infectious disease patients.
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